We use a sample of radio-loud active galactic nuclei (AGNs) with measured black hole masses to explore the jet formation mechanisms in these sources. Based on the Königl's inhomogeneous jet model, the jet parameters, such as the bulk motion Lorentz factor, magnetic field strength, and electron density in the jet, can be estimated with the very long-baseline interferometry and X-ray data. We find a significant correlation between black hole mass and the bulk Lorentz factor of the jet components for this sample, while no significant correlation is present between the bulk Lorentz factor and the Eddington ratio. The massive black holes will be spun up through accretion, as the black holes acquire mass and angular momentum simultaneously through accretion. Recent investigation indeed suggested that most supermassive black holes in elliptical galaxies have on average higher spins than the black holes in spiral galaxies, where random, small accretion episodes (e.g., tidally disrupted stars, accretion of molecular clouds) might have played a more important role. If this is true, the correlation between black hole mass and the bulk Lorentz factor of the jet components found in this work implies that the motion velocity of the jet components is probably governed by the black hole spin. No correlation is found between the magnetic field strength at 10R S (R S = 2GM/c 2 is the Schwarzschild radius) in the jets and the bulk Lorentz factor of the jet components for this sample. This is consistent with the black hole spin scenario, i.e., the faster moving jets are magnetically accelerated by the magnetic fields threading the horizon of more rapidly rotating black holes. The results imply that the Blandford-Znajek (BZ) mechanism may dominate over the Blandford-Payne (BP) mechanism for the jet acceleration at least in these radio-loud AGNs.
Introduction
Only a small fraction of active galactic nuclei (AGNs) are radio-loud (e.g., Kellermann et al. 1989) . Relativistic jets have been observed in many radio-loud AGNs, which are believed to be formed very close to black holes. The power of jets is supposed to be extracted from the accretion disk or the rotating black hole. The currently most favored models of jet formation are Blandford-Znajek (BZ) and Blandford-Payne (BP) mechanisms (Blandford & Znajek 1977; Blandford & Payne 1982) . In the BZ process, energy and angular momentum are extracted from a rotating black hole and transferred to a remote astrophysical load by open magnetic field lines. In the BP process, the magnetic field threading the disk extracts energy from the rotating gas in the accretion disk to power the jet/outflow. The relative importance of these two mechanisms has been extensively explored by many different authors, which is still debating (e.g., Moderski & Sikora 1996; Livio et al. 1999; Cao 2011 ).
The apparent motions of the jet components in AGNs were detected by multi-epoch very long-based interferometry (VLBI) observations (e.g., Kellermann et al. 2004; Lister & Homan 2005) . The Lorentz factor and the viewing angle of the jet component can be derived with the measured proper motion of the jet component if the Doppler factor is estimated. There are several different approaches applied to estimate the Doppler factor of the jets. Readhead (1994) estimated the equipartition Doppler boosting factor assuming that the sources are in equipartition between the energy of radiating particles and the magnetic field in the jets (also see Guijosa & Daly 1996) . The variability Doppler factor is derived on the assumption that the associated variability brightness temperature of total radio flux density flares are caused by the relativistic jets (Lähteenmäki & Valtaoja 1999) . Based on the synchrotron self-Compton (SSC) model, the physical quantities in the jets can be estimated by using the VLBI observations and the X-ray flux density on the assumption of homogeneous spherical emission plasma (Marscher 1987; Ghisellini et al. 1993) . The inhomogeneous relativistic jet model can reproduce both the flat spectrum characteristics of some AGNs and the dependence of the core size on the observing frequency (Blandford & Königl 1979; Königl 1981) . Based on this inhomogeneous jet model, an approach was suggested by Jiang et al. (1998) to estimate the jet parameters including bulk Lorentz factor Γ, viewing angle θ, and electron number density n e in the jets of AGNs.
The relation between the jets and the accretion disks were extensively explored in many previous works (e.g., Rawlings et al. 1989; Celotti et al. 1997; Cao & Jiang 1999 Gu et al. 2009 ), which indicate the jets are indeed closely linked to the accretion disks, though the different jet formation mechanisms are still indistinguishable. The relationship between black hole mass and the motion of the jet components for a sample of blazars with measured proper motion of jet components by multi-epoch VLBI observations was investigated by Zhou & Cao (2009) . They found a significant intrinsic correlation between black hole masses and the minimal Lorentz factors of the jet components, while the Eddington ratio is only weakly correlated with the minimal Lorentz factor. They suggested that the BZ mechanism may dominate over the BP mechanism for the jet acceleration at least in these blazars, if massive black holes are spinning more rapidly than their less massive counterparts.
In this work, we use a sample of radio-loud AGNs with jet parameters estimated with the inhomogeneous jet model to re-investigate the relationship of the Lorentz factor of jets with black hole mass, the Eddington ratio, or the strength of the magnetic field in the jets. The sample and the physical parameters used in this paper are described in Section 2. Section 3 contains the results. The last section includes the discussion. The cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7 have been adopted throughout this work.
Estimate of the jet parameters
Based on the Königl's inhomogeneous jet model, the jet parameters including the bulk Lorentz factor Γ, viewing angle θ, and electron number density n e in the jets can be estimated with the data of VLBI and X-ray observations. We summarize the inhomogeneous jet model and the approach used to estimate the jet parameters in this section (see Jiang et al. 1998; Gu et al. 2009 , for the details). Königl (1981) constructed an inhomogeneous jet model, in which the magnetic field strength and number density of the relativistic electrons are assumed to vary with the distance from the apex of the jet r as B(r) = B 1 (r/r 1 ) −m and n e (r, γ e ) = n 1 (r/r 1 ) −n γ e −(2α+1) in the jet, respectively, where r 1 = 1 pc and γ e is the Lorentz factor of the electron in the jet. In this jet model, the conical jet with a half opening angle φ is moving in the direction at a viewing angle of θ with respect to line of sight. The distance r(τ νs = 1), at which the optical depth to the synchrotron self-absorption at the observing frequency ν s equals unity, is given by
where c 2 (α) is the constant in the synchrotron absorption coefficient, δ is the Doppler factor, and k m = [2n + m(2α + 3) − 2]/(2α + 5).
The optically thick VLBI core size corresponds to the projection of the distance r(τ νs = 1), and therefore the VLBI core angular size θ d is
where D a is the angular diameter distance of the source.
By integrating the observed intensity over the projected area of the jet, the total optically thick flux is
where ν s is the VLBI observing frequency, and c 1 (α) and c 2 (α) are the constants in the synchrotron emission and absorption coefficients, respectively. The relation between apparent transverse velocity β app and the bulk velocity of the jet βc is
The X-ray flux density of the unresolved jet can be calculated with Equation (13) in Königl (1981) 's work. The frequency region ν c > ν cb (r M ) was adopted, where r M is the smallest radius from which optically thin synchrotron emission with spectral index α is observed (see Königl 1981 , for the details).
Given the three parameters, α, m, and n, the four independent variables, n 1 , B 1 , β, and θ can be derived from Equations (2)-(4) together with Königl (1981) 's equation (13) by using the data of the VLBI and X-ray observations. The total electron number density n t is given by
The model parameters, α = 0.75, m = 1 and n = 2 are adopted in Gu et al. (2009) for a jet with mass conserved along r. The kinetic power of jet can be calculated with
for electron-positron jets, and
for electron-proton jets, where Γ is the Lorentz factor of the jet, 1/Γ is the half opening angle of the conical jet, m e is the electron rest mass, m p is the rest mass of proton, γ e is the average Lorentz factor of electrons, and γ p is the average Lorentz factor of protons. We have assumed the positrons have the same energy distribution as the electrons in electronpositron jets, which contribute a half portion of the observed emission from the jets. This means that the density n e derived from the observational data based on the inhomogeneous jet model is the total number density of the electrons and positrons in the jets.
The composition of the jet plasma is still an unresolved issue. The Reynolds et al. (1996) analyzed VLBI data of M87 and concluded that the core is probably dominated by electronpositron plasma. By detecting circular polarization, Wardle et al. (1998) suggested that extragalactic radio jets are composed mainly of electron-positron plasma with γ e,min 10. Considering the dynamic and radiation properties, Kino & Takahara (2004) and Hirotani (2005) suggested that the sources they studied are composed of electron-positron plasma. The presence of protons and the minimal energy of electrons in the hot spots of the radio lobes are constrained by multi-waveband observations (Blundell et al. 2006; Stawarz et al. 2007; Godfrey et al. 2009 ). Sikora & Madejski (2000) suggested that the X-ray spectral observations in OVV quasars require the composition of the jets to be a mixture of electronspositrons and protons. The detailed calculations of the pressure of the cocoon in Cygnus A did not give a tight constraint on the jet composition, i.e., either electron-positron or electron-proton plasma is possible in the jets of this source (Kino et al. 2012 ). Faraday rotation is sensitive to the plasma composition, which can also be used to constrain the composition of jets (e.g., Park & Blackman 2010) . It was found that the presence of protons is required to explain the observed circular polarization and Faraday rotation in radio cores of blazars (e.g., Vitrishchak et al. 2008; Park & Blackman 2010) . For electron-proton jets, γ e,min ∼ 100 is suggested, and the low cut-off energy of jet can be as low as unity for electronpositron jets (Celotti & Fabian 1993) , while Wardle et al. (1998) suggested that the jets are electron-positron plasmas with γ e,min 10 at least in some sources. For electron-proton jets, assuming the inverse Compton scattering origin of X-ray emission from PKS 0637−752, Tavecchio et al. (2000) find that, γ e,min = 10, if the seed photon come from radiation field external to the jets (e.g., the cosmic microwave background), or γ e,min = 2 × 10 3 for the sychrontron self-Compton case. We note that only the normalization is changed if the different plasma composition is considered, which means that most of the statistic results derived in this work is independent of the jet composition. The kinetic power derived for electron-positron pair plasma is roughly consistent with that derived for electron-proton plasma with conventionally used minimal values of electron energy. The bulk kinetic power L kin for an electron-proton jet with γ e,min = 100 is in agreement with that of electron-positron jets with γ e,min = 10 within a factor of 3, as m p = 1836m e and γ p = 1 for electron-proton jets (Gu et al. 2009 ). We find that the kinetic luminosity L kin will be reduced by about a factor of 3 if γ e,min is changed from 10 to 1. The choice of matter composition of jets does not change the bulk kinetic power of jet significantly, and most of the statistic analyses are not affected by the matter composition of jets. For simplicity, we therefore calculate the bulk kinetic power L kin assuming electron-positron jets with γ e,min = 10 in this work.
The sample
Gu et al. (2009) constructed a sample of 128 sources, of which the jet parameters are derived from the VLBI and X-ray data with the Königl's inhomogeneous jet model. We search the literature for the black hole mass measurements, and finally obtain a sample of 101 sources with measured black hole masses, including 77 quasars, 20 BL Lac objects and 4 radio galaxies. The black hole masses for most sources in our sample are estimated by using an empirical relation between BLR size and ionizing luminosity together with measured broad-line widths assuming the BLR clouds being gravitationally bound by the central black hole (e.g., Shields et al. 2003; Liu et al. 2006; Shen et al. 2008; Wu 2009; Zhou & Cao 2009 ). For some sources, especially BL Lac objects or radio galaxies, the black hole masses can be estimated from the properties of their host galaxies with either M BH -σ or M BH -L relations, where σ and L are the stellar velocity dispersion and the bulge luminosity of the host galaxies (e.g., Woo et al. 2005; Cao 2003 ). The black hole masses can also be estimated with the γ-ray variability timescales for some γ-ray blazars (Liang & Liu 2003) . For a few sources, the black hole masses are estimated from reverberation mapping ) and stellar kinetics )(see Table 1 ). The bolometric luminosity L bol is estimated from the total broad-line luminosity by assuming L bol = 10L BLR (Netzer 1990 ). All the data for the sample are summarized in Table 1 , in which all the jet parameters are taken from Gu et al. (2009) .
Results
We plot the relation between black hole mass and the bulk Lorentz factor of the jet components in Figure 1 . A strong correlation is found between these two quantities with a Spearman rank correlation coefficient r = 0.357 at 99.98 percent confidence level. Using the linear regression analysis, the correlation can be expressed as
and it becomes log Γ = (0.21 ± 0.07) log M BH − (0.70 ± 0.61),
for the quasars in the sample with a correlation coefficient r = 0.376 at 99.92 percent confidence level.
In Figure 2 , we plot the relation between black hole mass and redshift z, and the relation between the bulk Lorentz factor of the jet components and redshift z. It is found that both the black hole mass and the Lorentz factor are strongly correlated with redshift z, which implies that the correlation between black hole mass and the bulk Lorentz factor of the jet components may be caused by the common dependence of redshift. We therefore choose a sub-sample of the sources in a restricted range of redshift 0.8 < z < 1.2 (see the sources between two vertical dotted lines in Figure 2) . No significant correlations are present between M BH and z, or Γ and z, while a significant correlation between M BH and Γ is still present for the sources in this sub-sample (see Figure 3 and Table 2 ). Therefore, we conclude that the significant correlation between black hole mass and the bulk Lorentz factor might be intrinsic, at least for our present sample, which is confirmed by the partial correlation analyses (see Table 2 ).
The relation between the Eddington ratio and the bulk Lorentz factor of the jet components is plotted in Figure 4 . The correlation analysis shows that no significant correlation is found between L bol /L Edd and Γ with a correlation coefficient r = 0.099 at 63.94 percent confidence level.
As the masses of the black holes in this sample are in the range of ∼ 10 7 − 10 10 M ⊙ , we plot the relation of the bulk Lorentz factor of jet Γ with the magnetic field strength at 10R S in Figure 5 . No correlation is found between these two quantities with a correlation coefficient r = 0.01 at 7.78 percent confidence level. We summarize the statistic results in Table 2 .
We define jet efficiency η jet as
whereṀ acc is the mass accretion rate. The mass accretion rate can be estimated from the bolometric luminosity, i.e., L bol = 0.1Ṁ acc c 2 , and therefore,
The distribution of the jet efficiency for our sample is given in Figure 6 . It is found that the efficiencies of some sources are significantly greater than unity, which may be due to a fixed γ e,min for all sources. The possibility of different values of γ e,min in some individual sources cannot be ruled out (see the discussion in Section 2). The relation between the bolometric luminosity and the kinetic power of the jet is plotted in Figure 7 . The magnetic energy density in the jets can be expressed as U B = B 2 /8π, and the magnetic energy flux in the jets can be calculated with B 
Discussion
We find an intrinsic correlation between the black hole masses and the Lorentz factors of the jet components for a sample of radio-loud AGNs, while no significant correlation between the Eddington ratios and the Lorentz factors is present for the same sample. No correlation is found between the magnetic field strength at a given distance in units of Schwarzschild radius in the jet and the bulk Lorentz factor. These results provide useful clues on the mechanisms of jet formation and acceleration in radio-loud AGNs.
Mass accretion in the AGN phases plays a dominant role in the growth of massive black holes in the centers of galaxies (e.g., Soltan 1982; Tremaine et al. 2002) . As massive black holes acquire mass and angular momentum simultaneously through accretion, the black holes will be spun up with mass growth. The mergers of black holes may also affect the spin evolution of massive black holes (Hughes & Blandford 2003) . Volonteri et al. (2007) investigated how the accretion from a warped disc influences the evolution of black hole spins with the effects of accretion and merger being properly considered and concluded that within the cosmological framework, most supermassive black holes in elliptical galaxies have on average higher spins than black holes in spiral galaxies, where random, small accretion episodes (e.g., tidally disrupted stars, accretion of molecular clouds) might have played a more important role. Cao & Li (2008) calculated the black hole mass function of AGN relics with the observed Eddington ratio distribution of AGNs, and compared it with the measured mass function of the massive black holes in galaxies. They found that the radiative efficiencies of most massive accreting black holes are higher than those of less spinning black holes. If this is the case, the correlation between M BH and Γ found in this work indicates that the bulk velocity of jets is mainly regulated by the black hole spin parameter a. The kinetic power of the jet is,
whereṀ jet is the mass loss rate in the jet. If the jet is powered through the BZ process, we have
for a radiation pressure dominated accretion disk surrounding a rotating black hole (Ghosh & Abramowicz 1997) , where a is the black hole spin parameter. Combining Equations (11) and (12), we have
This indicates that the Lorentz factor of the jet Γ should be anti-correlated withṀ acc /M BH ifṀ jet ∝Ṁ acc , which seems to be inconsistent with our statistic results. It implies that such a jet formation model for a radiation pressure dominated accretion disk may not be applicable for the blazars considered in this work. In fact, the structure of the radiation pressure dominated accretion disks should be altered significantly in the presence of strong magnetic fields (Li & Cao 2012 ), which was not considered in Ghosh & Abramowicz (1997) .
Recent numerical simulations show that an accretion flow can evolve into a magnetically arrested flow, and at this state the outflow efficiency can be extremely high (as high as 100%) (Tchekhovskoy et al. 2011; McKinney et al. 2012; . The strength of the field in the magnetically arrested accretion flow can be estimated as (Tchekhovskoy et al. 2011; McKinney et al. 2012) ,
If the jet is powered through the BZ process, we have
where a is the black hole spin parameter. Combining Equations (15) and (16), we obtain
which implies η jet ∝ a 2 .
Hence, the efficiency of the jet production does not depend on the accretion rate of the disk. Substitute Equation (17) into (12), we have
if the mass loss rate in the jetsṀ jet is assumed to be proportional to the mass accretion rateṀ acc . The correlation between black hole mass and the bulk Lorentz factor of the jet components found in this work implies that the motion velocity of the jet components is probably governed by the black hole spin, if the massive black holes are spinning more rapidly than the less massive counterparts. This is consistent with the magnetically arrested accretion flow model (see Equation 19 ). The bulk Lorentz factor of the jets is predicted to be independent of the accretion rate in this model, which is also consistent with our statistic results (see Figure 4 ).
In Figure 8 we find that the magnetic energy flux is far less than bulk kinetic power. As discussed in Section 2, the kinetic luminosity L kin will change with a factor of 3 if an electron-proton jet with γ min = 100 is assumed, so the kinetic energy flux always dominates over magnetic energy flux in the jets of this blazar sample.
In inhomogeneous jet model, the relativistically moving plasma expands uniformly, which suffers adiabatic losses. The electron energy in the jet at parsec scales requires electron acceleration, otherwise huge energy of electrons is required at the base of jet. The magnetic field in the jet may be the energy reservoir for electrons. We see in figure 8 that a few sources have magnetic field energy larger than the kinetic energy of particles. However, in either case of the matter content, most of the sources have kinetic energy of electrons exceeding the magnetic energy. From equation 7 we see that the ratio between proton energy and electron energy is m p /(γ e,min m e ), which is larger than unity in all cases of minimum electron energy discussed in Section 2. Thus, the only energy source for accelerating electrons should be the kinetic energy of protons and such acceleration process would occur in shock process. The electrons are preheated up to average energy of protons heated in the shocks, and then the energy is converted from protons to electrons in the diffusive shock acceleration process (e.g., Amato & Arons 2006; Amano & Hoshino 2009; Sironi & Spitkovsky 2011) . Several authors have investigated these scenarios, both analytically and in particle-in-cell simulations (Amato & Arons 2006; Amano & Hoshino 2009; Sironi & Spitkovsky 2011) . From this point of view, the electron-proton content is preferred for this sample of radio loud quasars, or at least the electron-proton dominates dynamically over the electron-position pair content. As discussed that in Section 2, only the normalization is changed if the different plasma composition is considered, which means that most of the statistic results derived in this work is independent of the jet composition.
No correlation is found between the Eddington ratio and the Lorentz factor of the jet, which implies that the jet acceleration may not be related to the properties of the accretion disk. The results imply that the BZ mechanism may dominate over the BP mechanism for jet acceleration at least in radio-loud. Laor (2000) found that the black holes in RL AGNs are systematically heavier than those in radio-quiet counterparts, which may imply that heavy black holes are spinning rapidly, and therefore the jets can be easily accelerated by the field lines threading the horizons of these black holes. This is roughly consistent with the conclusion of this work.
The origin of the chaotic magnetic fields in the jets is still unclear. The jets are accelerated by the magnetic fields near the black hole horizon or those threading the rotational accretion disk. It is therefore reasonable to postulate that the strength of the field in the jets is related to the field driving the jets in some way. No significant correlation is present between the magnetic field strength at 10R S and the bulk Lorentz factor of the jet components Γ. The independence of the bulk velocity of the jets on the magnetic field strength implies that the Lorentz factor of the jet components is mainly governed by the black hole spin. Note. -Column (1): IAU name; Column (2): classification of the source (Q=quasars; Qc=core-dominated quasars; Ql=lobe-dominated quasars; Qp=GHz peaked quasars; BL=BL Lac objects; G=radio galaxies). Column (3): redshift. Column (4): the jet Lorentz factor Γ. Column(5): density of electrons n 1 . Column(6): magnetic field strength. Column (7): black hole mass. Column (8): references for black hole mass. Column (9): the total luminosity in broad emission lines L BLR . Note. -Here r AB is the rank correlation coefficient of the two variables, and r AB,C is the partial rank correlation coefficient. Column (6) is the significance level of the rank correlation. Column (8) is the significance of the partial rank correlation equivalent to the deviation from a unit variance normal distribution if there is no correlation present. 
